Kepler-9: A System of Multiple Planets Transiting a Sun-Like Star, Confirmed by Timing Variations
The Kepler spacecraft is monitoring more than 150,000 stars for evidence of planets transiting those stars. We report the detection of two Saturn-size planets that transit the same Sun-like star, based on 7 months of Kepler observations. Their 19.2-and 38.9-day periods are presently increasing and decreasing at respective average rates of 4 and 39 minutes per orbit; in addition, the transit times of the inner body display an alternating variation of smaller amplitude. These signatures are characteristic of gravitational interaction of two planets near a 2:1 orbital resonance. Six radial-velocity observations show that these two planets are the most massive objects orbiting close to the star and substantially improve the estimates of their masses. After removing the signal of the two confirmed giant planets, we identified an additional transiting super-Earth-size planet candidate with a period of 1.6 days.
T he Kepler mission was designed to measure the frequency of Earth-size planets in the habitable zones of Sun-like stars, by observing the dimming of star light when a planet passes in front of (that is, transits) its parent star (1) . Transiting planets are particularly valuable, because their photometry, in conjunction with radial-velocity (RV) observations, yields the planets' physical properties (for instance, radius, mass, and density) (2, 3) . Kepler has identified more than 700 transiting-planet candidates (4) , including some systems with multiple transitingexoplanet candidates (5) . Confirming that each of these candidates is actually a planet (as opposed to various astrophysical false positives; for example, diluted eclipsing binaries) requires extensive follow-up observations. We report the detection of a system of two transiting planets (Kepler-9b and 9c) showing transit timing variations (TTVs) (6, 7) .
Kepler photometry. The Kepler data pipeline identified two transiting-planet candidates orbiting a star now designated Kepler-9 (KIC 3323887, 2MASS 19021775+3824032, KOI-377) and performed a series of checks to exclude common false positives (8) (9) (10) . The Kepler photometric observations of Kepler-9 reported here span 13 May to 16 December 2009 universal time and consist of a nearly continuous series of 29.426-min exposures through a broad optical bandpass (1) . Because preliminary estimates of the transit times suggested that the transit times were not strictly periodic, this system was selected for intensive study.
The Kepler light curves (Figs. 1 and 2) show that Kepler-9 is a mildly active star, with photometric variations somewhat larger than those exhibited by the active Sun. The light curves show the effects of stellar spots (radius~0.1R * , where R * is the stellar radius) and a stellar rotation period of~16.7 days. Ground-based telescopic observations established that the properties of the host star are quite similar to those of the Sun [see the supporting online material (SOM)].
TTVs. The orbital periods of the two planet candidates are~19.24 (Kepler-9b) and~38.91 (Kepler-9c) days. We modeled each transit separately, allowing for variations in the transit time, duration, depth, and shape. Because there are substantial variations in the transit times but not in any of the other parameters, we determined the final transit times by fitting a detailed transit model, requiring a common transit duration, depth, and shape for each planet candidate, but fitting for the mid-time of each transit ( Fig. 3 and tables S4 and S5). The observed changes are much larger than the~80-s uncertainty with which we measured the times of transit, as well as the expected variations due to a planet transiting stellar spots (SOM).
At BJD 2455088.212 (the weighted average of the transit times), the ratio of the best-fit orbital periods of Kepler-9c and Kepler-9b is P c /P b = 2.023, indicating that the system is probably affected by a 2:1 mean motion resonance (MMR). Resonance libration can cause the instantaneous period ratio to differ by a few percent from the long-term average ratio, even if the planets are well within the resonance. For planets in a 2:1 MMR, conservation of energy, assuming no strong scattering and slow variation of the orbital elements, implies that the period derivatives have opposite sign with a ratio dependent on the planet-planet mass ratio. We measure -[(DP b /P b )/(DP c /P c )] = 0.375, suggesting a mass ratio of Kepler-9c to Kepler-9b (M c /M b ) ≈ 0.6 (see SOM). In addition to the slow change in orbital period, the times between successive pairs of transits of Kepler-9b also show an alternating pattern with an amplitude (Fig. 3) . This "chopping" signal is due to the alternating position of the outer planet at the time of transit of the inner planet, and it scales with the mass of the outer body. These interdependent timing variations indicate that the two bodies are gravitationally interacting and, thus, must be orbiting the same star.
Dynamical model. The observed TTVs are the natural consequences of a system of two planets orbiting near the 2:1 MMR. We verified this by numerically simulating a fully interacting three-body system composed of a star of mass 1.0M ⊙ (where M ⊙ is the mass of the Sun) and two planets. We fit the planet masses and orbits by comparing the transit times and durations predicted by the numerical model with those observed (Figs. 4 and 5).
Based on the photometry alone, we exclude masses for Kepler-9b that are less than 0.02M Jup (where M Jup is the mass of Jupiter) and greater than 4M Jup ; for Kepler-9c, we exclude masses that are less than 0.03M Jup and greater than 2M Jup , at the 3s level (Fig. 4 ). This confirms that these are two planet-mass objects orbiting a Sun-like star and that their eccentricities are small (≲ 0.2). We verified that, for masses of Kepler-9b and 9c that correspond to brown dwarfs or stars, the fits to the transit times and durations are very poor, and the systems are dynamically unstable on time scales of tens of years.
Using the times and durations of transits observed over the lifetime of the Kepler mission, we expect that the TTVs alone will constrain the masses, eccentricities, and mutual inclination of the two established planets with substantially reduced uncertainties (SOM). Nevertheless, we obtained a few strategically timed high-precision RV measurements with the High-Resolution Echelle Spectrometer (11) instrument on the 10-m Keck 1 telescope (SOM). Assuming that the RVs are dominated by Kepler-9b and Kepler-9c, we infer masses of 0.252 T 0.013 M Jup and 0.172 T 0.013 M Jup for Kepler-9b and 9c, respectively (Table 1) , based on the combination of RVs, transit times, and durations (Fig. 4, dashed line) . Figure 3 shows the RVs predicted by the model and those observed (these were included in the fit).
The measured ratio of transit durations is consistent with both planets transiting the same star with low-eccentricity orbits and similar impact parameters. Whereas the inclination of each planet's orbit relative to the plane of the sky (i b,sky , i c,sky ) is measured from the transit duration and shape, the relative inclination between the orbits depends on the difference in the longitudes of ascending node (DW sky ). In general, dynamical interactions induce nodal precession that, in turn, causes a drift in the impact parameter and the duration of the transits (12, 13) . The lack of transit duration variations provides a constraint on the mutual inclinations and the presence of moons (12) . Multiple transiting planets are most likely to be seen in systems with small relative orbital inclinations. For the orbital periods of Kepler-9b and 9c, the probability of both planets transiting decreases rapidly as the relative inclination increases beyond 2° (14) . The current observations favor a small relative inclination (< 10 ∘ ).
Follow-up observations. We performed a series of tests to exclude a variety of astrophysical configurations that could mimic the transits seen in the Kepler photometry. High-resolution imaging revealed that Kepler-9 has three neighboring stars located within 8 arc sec of itself, implying minor contamination (< 1%) of the transit depth (15) 
with a period ratio of 2:1 could be caused by stellar-mass companions, as this configuration would not be stable (16) . Modeling of an exhaustive variety of stellar-blend scenarios (15) , assuming the photometry of each planet candidate is the result of the brightness variations of an eclipsing binary being diluted by the brighter candidate star, has shown that, in the case of Kepler-9b and 9c, the only blends that could reproduce the Kepler light curve would be within two magnitudes of the target brightness. A combination of high-resolution imaging and spectroscopic constraints rules out these scenarios and provides an independent confirmation of the planetary status of the two planets.
Super-Earth-size candidate. After filtering out the transits of Kepler-9b and Kepler-9c, there is evidence for a third, smaller planet candidate with a period of 1.5925 days and a transit depth of~200 parts per million (ppm) (Fig. 6) . Until it is confirmed as a planet (as opposed to a background eclipsing binary), we will refer to this body as KOI-377.03, following the internal enumeration of Kepler Objects of Interest (KOI). Because the transit depth of KOI-377.03 is similar to the scatter in each 30-min observation, individual events are difficult to distinguish, but the transit light curve is very significant in binned photometry (Fig. 5) . The transit duration (~2.8 hours) is consistent with a central transit of the same star orbited by Kepler-9b and Kepler-9c (which transit with a larger impact parameter). If this is a planet orbiting the same star, it would have a radius of 1.5R ⊕ (where R ⊕ is the radius of Earth), making KOI-377.03 one of the smallest planets detected to date. We verified with n-body integrations that a system composed of Kepler-9, Kepler-9b, Kepler9c, and KOI-377.03 (assuming an Earth-like density for the KOI-377.03) is dynamically stable for at least the time scale of the numerical integrations (SOM).
If KOI-377.03 is a planet in the same system, its expected TTVamplitude is only tens of seconds (7), which is not surprising given the large period ratio (12.1) between KOI-377.03 and Kepler9b. Neither this signal nor the TTVs induced on Kepler-9b or Kepler-9c from KOI-377.03 are likely to be measured by Kepler. However, the expected RV signature from such a planet would be~1.5 m/s semiamplitude (using an Earth-like density) and may be contributing to the observed RV scatter.
Discussion. The detailed dynamics of a resonant system probes the system's formation. Resonant systems of giant planets inside the snow line most likely formed outside of resonance and at larger distances. Slow, smooth differential migration through the system's natal disk naturally leads to planets becoming trapped in the 2:1 MMR with small amplitude libration of resonant angles, as is the case for the GJ876 system (17, 18) . Although several other planetary systems are near the 2:1 MMR (19) (20) (21) (22) (23) or show more complicated resonance structure (24), measuring the libration amplitude of resonant angles from RV observations is challenging, even for the most favorable system (24, 25) . For multitransiting systems, on the other hand, resonant angles can be accurately measured via TTVs (26) . For the Kepler-9 system, the expected libration period, based on numerical simulations, is~4 years.
The best-fit Kepler-9b and 9c model is dynamically stable for more than 2.7 billion years, but only one of the resonant angles librates. For nearby, stable solutions, each of the resonant angles circulate. Large libration amplitude (Fig. 4 , bottom panel) could be attributable to a more rapid migration (27) or excitation after resonant capture. For example, continued migration after resonant capture can lead to eccentricity excitation and, eventually, planet-planet scattering (28) (29) (30) (31) . Other mechanisms such as turbulence in the protoplanetary disk (32), scattering of planetesimals (33, 34) , and perturbations by other planets (35) could also be responsible for a large libration amplitude. In principle, each of these mechanisms could perturb a resonant system so as to increase the libration amplitude. For Kepler-9b and 9c, tidal dissipation is expected to be too slow to have broken the MMR (36).
Our models currently indicate a solar-mass star with a radius of~1.1R ⊙ (where R ⊙ is the radius of the Sun), based on the observed durations and impact parameters (SOM). Combining this observation with the well-measured radius ratio, the two planets Kepler-9b and 9c have nearly identical radii of~0.8R Jup (where R Jup is the radius of Jupiter). The best-fit planet masses and radii are slightly smaller than those of Saturn. Theoretical models indicate that such planets are composed primarily of H and He (37) (38) (39) .
The equilibrium temperatures for Kepler-9b and 9c are~740 and~540 K, respectively (assuming Bond albedos of 0.2). The mass-radius relation is insensitive to the equilibrium temperatures, Table 1 . Parameters for Kepler-9, Kepler-9b, and Kepler-9c based on the combined fit to the observed transit times, transit durations, and RVs. The quadratic ephemerides for both planets are approximations to the actual transit times and are not meant to be extrapolated beyond the observations presented in this paper. The quoted uncertainties in the planetary masses, radii, densities, and semimajor axes do not incorporate the uncertainty in the stellar mass (M * ). R p , planet radius; b, impact parameter; M p , mass of planet; AU, astronomical units; N, transit number.
Stellar parameters Value
parameters Value but these could be affected by a young age (38) . The heavy-element fractions of Kepler-9b and 9c are indeterminate (~0.1 to 0.5), but coreless (metal-free) models seem to be excluded. KOI-377.03 might correspond to a superEarth-size planet of radius~1.5R ⊕ . With no additional information available for this planet, the upper mass limit of 7M ⊕ (where M ⊕ is the mass of Earth) corresponds to the maximum mantle-stripping limit for a maximally iron-rich super-Earth (40). The lower mass limit is less clear: It could be as small as 1M ⊕ for a volatilerich planet with a hot extended atmosphere; e.g., water steam (41, 42) . The planet candidate is so close to its host star, comparable to CoRoT-7b (43) , that its~2200 K estimated surface temperature is very high, and volatile-rich solutions are less likely if the Kepler-9 planetary system is old and evaporation has been substantial. A volatile-poor rocky KOI 377.03 super-Earth with a Ganymede-like Fe/Si ratio would correspond to a planet mass of~3.5M ⊕ (44) . Such a planet would have formed under volatile-rich conditions, only to lose all of its water due to evaporation. 
